NKT cells recognize lipid Ags presented by CD1d molecules and play an important role in the regulation of innate and adaptive immune responses. In this study, we report the identification of a membrane-associated protein, Ig-like transcript 4 (ILT4), as a novel human CD1d receptor that inhibits CD1d-mediated immune responses. We found that native CD1d tetramer generated by mammalian cells was able to specifically bind human monocytes in the peripheral blood, and this binding was at least partly mediated by monocyte-expressed ILT4. The interaction between ILT4 and CD1d involves the two N-terminal domains of ILT4 and the Ag-binding groove of CD1d (␣1/␣2 domain). This interaction has been identified on the cell surface as well as in the endosomal and lysosomal compartments. In humans, CD1d is mainly expressed on APCs such as DCs and monocytes/macrophages. The mechanism of CD1d Ag presentation is distinct from that of MHC-I and II (1, 2). When the nascent CD1d/␤ 2 microglobulin (␤ 2 m) complex is assembled and transported from the endoplasmic reticulum to the cell surface, it is associated with endogenous lipids such as phosphatidylinositol or phosphatidylinositol-glycan (7, 8) . Upon reaching the cell surface, CD1d molecules quickly undergo internalization into the endocytic pathway, and CD1d-associated endogenous lipids are replaced with immunogenic lipid Ags in late endosomes and lysosomes. CD1d subsequently recycles to the cell surface to present the newly bound lipid Ags to NKT cells (2, 9).
H uman CD1 family proteins (CD1a-e) are nonpolymorphic MHC-I-like molecules and represent a third lineage of Ag-presenting molecules capable of intracellular trafficking, processing, and presentation of lipid Ags (1, 2) . NKT cells restricted by CD1d are important in host defense against mycobacterial and viral infections (3) (4) (5) . Upon TCR engagement, NKT cells rapidly secrete a variety of immunoregulatory cytokines such as IL-4 and IFN-␥, and can exert specific cytotoxicity toward target cells. Consequently, the activation of NKT cells affects the activation of a variety of other cell types, including dendritic cells (DCs), 3 NK cells, B cells, and conventional T cells. In vivo, NKT cells are implicated in a broad array of disease conditions ranging from infections to tumors, various forms of autoimmunity, and allergies (4, 6) .
In humans, CD1d is mainly expressed on APCs such as DCs and monocytes/macrophages. The mechanism of CD1d Ag presentation is distinct from that of MHC-I and II (1, 2) . When the nascent CD1d/␤ 2 microglobulin (␤ 2 m) complex is assembled and transported from the endoplasmic reticulum to the cell surface, it is associated with endogenous lipids such as phosphatidylinositol or phosphatidylinositol-glycan (7, 8) . Upon reaching the cell surface, CD1d molecules quickly undergo internalization into the endocytic pathway, and CD1d-associated endogenous lipids are replaced with immunogenic lipid Ags in late endosomes and lysosomes. CD1d subsequently recycles to the cell surface to present the newly bound lipid Ags to NKT cells (2, 9) .
A variety of lipid-binding proteins are involved in CD1d trafficking and Ag presentation. Microsomal triglyceride transfer protein was shown to play a role in the loading of endogenous lipids in the endoplasmic reticulum (10) and lipid presentation in lysosomes (11) , while saposins reportedly extract membrane-associated lipids and deliver them to CD1d in late endosomes and lysosomes (12, 13) . Additionally, CD1e, another member of the CD1 family that is not expressed on the cell surface, might be implicated in lysosomal lipid Ag loading (14) .
Lipid-bound CD1d on the surface of APCs is recognized by cognate TCRs expressed on NKT cells. Most NKT cells have a limited TCR repertoire, which mostly consists of V␣24 and V␤11 chains in humans (6) . The molecular interaction between the NKT cell TCR and CD1d has been elucidated in a cocrystal structure with CD1d presenting the synthetic NKT agonist ␣-Galactosylceramide (␣GalCer) (15) .
In this study, we report that, in addition to recognizing cognate TCRs in the presence of lipid Ags, CD1d also interacts with Ig-like transcript 4 (ILT4), a member of APC-expressed leukocyte receptors. Our results on the binding mechanisms and functions lead us to propose that that this novel interaction may provide a new regulatory mechanism controlling NKT cell stimulation and activation.
Materials and Methods

Tetramers, recombinant proteins, and Abs
The generation of native and ␣GalCer-CD1d tetramers has been described previously (16) . In brief, human ␤ 2 m and CD1d fusion protein were produced by a lentivirus-transduced mammalian expression system. Purified protein was biotinylated and tetramerized with PE-conjugated streptavidin to form native CD1d tetramer. ␣GalCer was loaded at 37°C to generate Ag-loaded tetramer. HLA-A*0201 tetramer was generated in the conventional way, by refolding HLA*0201 H chain, ␤ 2 m and HIV-1 gag-derived peptide SLYNTVATL, and tetramerized with streptavidin-PE (17) . ILT4-Fc fusion protein was generated through a lentivirus system similar to that used for ␤ 2 m-CD1d. ILT4D1-D2 in pET19b vector (Novagen) was expressed in Escherichia coli, and the inclusion bodies were refolded using the same protocol as was used for HLA-A*0201 production. CD1dX1 mAb was generated from BALB/c mice immunized with CD1d-Fc fusion protein. CD1d42 mAb was purchased from BD Pharmingen, and anti-ILT4 mAb from R&D Systems. CD3-FITC (DakoCytomation), CD14-FITC (BD Biosciences), and anti-human IgG-HRP (Sigma-Aldrich) were all purchased commercially. Lamp1-YFP was a gift from Dr. Jennifer LippincottSchwartz of the Cell Biology and Metabolism Branch, National Institute of Child Health and Human Development (NICHD), National Institutes of Health.
Human PBMCs, monocytes, and NKT cells
Fresh human PBMCs were isolated from whole blood of healthy donors by Lymphoprep (Nycomed Pharma) density gradient centrifugation. Monocytes were purified with human CD14 MACS MicroBeads (Miltenyi Biotec) following the manufacturer's protocol. The NKT cell line was generated by expanding the NKT population from PBMCs following FACS sorting. In brief, CD1d-tetramers loaded with ␣-GalCer were used to stain fresh human PBMCs, and tetramer ϩ CD3 ϩ cells were FACS sorted and expanded by culturing with irradiated mixed human PBMCs from three healthy donors supplemented with 200U/ml IL-2 and 10 g/ml PHA in RPMI 1640 with 10% human serum. The expanded cells were tested for ␣GalCer-CD1d tetramer staining and a further round of FACS sorting and expansion would be performed if Ͻ95% of the cells were tetramer positive.
Immunoprecipitation
Streptavidin-dynabeads (Dynal) were coated with biotinylated CD1d or HLA-A*0201 monomer at room temperature for 30 min. The beads were then washed with PBS and added 1% Nonidet P-40-lysed HEK293T-ILT2-GFP or HEK293T-ILT4-GFP stable cells to carry out immunoprecipitation at 4°C overnight. The beads were then washed extensively before boiling in loading buffer and subjected to SDS-PAGE. Proteins were transferred to Hybond-C membrane (Amersham) in a Trans-Blot SD Semidry Transfer Cell (Bio-Rad) and Western blotting was conducted with HRP-labeled antihu-IgG-Fc Ab, and blots were visualized by an ECL kit (Amersham Biosciences).
Flow cytometry (FACS)
All FACS staining was conducted in 50 l FACS washing buffer (PBS with 2% FCS and 0.02% azide). After the addition of Abs, cell suspensions were incubated on ice for 30 min and washed twice with washing buffer before fixation with 1% paraformaldehyde/PBS. For tetramer staining, cells were incubated with native or ␣-GalCer-loaded CD1d tetramers at a final concentration of 10 g/ml at 37°C for 30 min before staining with other fluorescence-labeled mAbs on ice. For blocking experiments, blocking reagents were added at 100 g/ml to the cell suspension before adding the tetramers. FACS data acquisition and analysis were performed on a FACSCalibur machine using CellQuest software (BD Biosciences).
Domain-swap constructs and transfections
ILT4 domains were replaced with corresponding domains from ILT2 by stitch PCR mutagenesis, and the resulting fusion DNA fragments were then cloned into pEGFP-N1 vector (Clontech) in-frame with the C-terminal EGFP. CD1d domain-swap mutants were generated using similar approaches. DNA constructs were transiently transfected into HEK293T cells by FuGENE6 (Roche) according to the supplier's manual, and cells were collected at 24 h after transfection for FACS analysis.
Confocal microscopy
Normal rat kidney epithelial cells (NKR cells) were transfected with ILT4-CFP/Lamp1-YFP, CD1D-CFP/Lamp1-YFP, and ILT4-CFP/CD1D-YFP (1 g) via Amaxa nucleofection (T buffer, program X-001) and grown in glass chambers (Lab-TEK). Twenty-four hours after transfection, live cell images were obtained using a Leica SP5 confocal microscope.
NKT responses to plate-bound CD1d
Ninety-six-well microtiter plates were coated with 10 g/ml streptavidin (Invitrogen) at 4°C overnight before binding with 10 g/ml biotinylated CD1d monomer for 3 h. After extensive washing, ILT4-Fc, control Fc fusion protein death receptor 5 (DR5)-Fc, or solvent PBS were added to the wells and incubated for 3 more hours before the addition of ␣GalCer for overnight Ag loading at 37°C. NKT cells were added at 5 ϫ 10 4 /well and incubated for 24 h in a 37°C incubator with 5% CO 2 , and the supernatants were harvested and analyzed for cytokine release with an IFN-␥ ELISA kit (R&D Systems).
Results
Binding of native CD1d tetramers to monocytes
We have previously reported the generation of CD1d tetramers through a lentivirus-transduced mammalian expression system (16) . While attempting to detect the NKT subset in human PBMC, we unexpectedly discovered that, although the native CD1d tetramers (tetramers without ␣GalCer, but potentially with endogenous lipids) did not stain any lymphocytes distinctly, they did show specific binding to monocytes (Fig. 1, middle panel) . This binding occurred within both CD14 ϩ and CD14 Ϫ subsets of monocytes, although the former population had slightly higher staining than the latter. More surprisingly, after loading with ␣Gal-Cer, tetramers could detect NKT cells in the lymphocyte population as predicted, but they were no longer able to bind monocytes (Fig. 1, lower panel) . These results prompted us to investigate the molecular mechanism behind this interaction.
Monocyte-expressed ILT4 is a receptor for CD1d
Previous studies have shown that a number of monocyte/macrophage-expressed cell receptors can recognize classical and nonclassical MHC-I molecules. Examples include members of the ILT family, such as ILT2 and ILT4, which interact with HLA-G, HLA-B27, and HLA-A2 molecules (18 -21) . To search for the putative FIGURE 1. CD1d tetramers differentially bind monocytes. Human PBMCs were stained with PE-conjugated native CD1d-tetramers or ␣-GalCer-pulsed CD1d-tetramers. Cells were costained with anti-CD3 and -CD14 mAbs.
CD1d receptor(s) expressed by monocytes, we tested whether CD1d tetramers were able to interact with transfectants of individual receptors from the ILT family. The results showed that CD1d tetramers only recognized ILT4-transfected HEK293T cells, whereas tetramers of a classical MHC-I molecule, HLA-A*0201, bound to both ILT2 and ILT4-transfected cells (Fig. 2a) . The specificities of these interactions were further demonstrated by blocking experiments, in which an ILT4-specific mAb or a soluble (Fig. 2b) . Coimmunoprecipitation experiments showed that ILT4-Fc protein and CD1d interacted with each other in vitro (Fig. 2c) . Taken together, these results demonstrated that ILT4 is a receptor for CD1d.
ILT4-
Next, we tested whether ILT4 is involved in CD1d's binding to monocytes. We found that ILT4-specific mAb could partially inhibit the binding in a concentration-dependent manner, whereas ILT4-Fc showed even higher blocking efficiency, suggesting that ILT4 is at least partially responsible for the interaction of CD1d with monocytes, although other factor(s) may also be involved (Fig. 2d) .
Characterization of the CD1d-ILT4 interaction
ILT4 is highly homologous to ILT2, both having four Ig domains in their extracellular regions (D1, D2, D3, and D4) that assemble in similar conformations (22, 23) . A cocrystal structure of ILT2 with HLA-A2 has been resolved and shows that the contact lies in the D1 and D2 domains of ILT2, and the ␣3 and ␤ 2 m domains of MHC class I (24) . To examine which part of ILT4 is involved in its interaction with CD1d, we generated domain-swap mutants in which D1-D2 or D3-D4 were exchanged between ILT2 and ILT4. These constructs were transfected into HEK293T cells and tested for their ability to bind CD1d compared with HLA-A*0201 tetramers. Both mutated constructs bound the HLA-A*0201 tetramers, indicating that the mutant proteins were expressed and correctly folded (Fig. 3a, bottom panel) . However, only the construct containing D1-D2 from ILT4 was able to bind to CD1d while the other mutant did not show significant binding (Fig. 3a, top panel) , suggesting D1-D2 of ILT4 plays a dominant role. To further confirm this, we generated a truncated protein that only has D1-D2 domain from ILT4. This protein, here referred as ILT4 D1-D2, was able to block CD1d-ILT4 interaction, although the blocking effect was less potent than that observed with full-length ILT4 Fc-fusion protein (Fig. 3b) . The decreased efficiency is presumably due to the fact that the full-length protein is better folded/supported than the truncated (D1-D2) form, and that the dimeric Fc-fusion protein has a higher ligand-binding avidity.
Next, we attempted to map the binding site for ILT4 on CD1d by using CD1d mAbs recognizing different epitopes. We generated a series of CD1d mutants in which every domain in the H chain was replaced by the corresponding domain of CD1b. The GFPfusion constructs of these mutants were transfected into HEK293T cells, and a panel of CD1d mAbs was used to stain the transfectants to map their epitopes. Using this approach, the CD1d42 mAb was found to interact with the ␣1 and ␣2 domains of CD1d, because mutating either the ␣1 or ␣2 domain abolished its binding. In contrast, mAb CD1dX1 was shown to recognize the ␣1 domain only, and mutating either the ␣2 or ␣3 domain showed no effect on its binding (Fig. 4a) . The ␣1 and ␣2 domains are the Ag-binding domains for CD1d; we observed that the CD1d42 mAb efficiently blocked recognition of NKT cells by ␣GalCer-loaded CD1d-tetramer, whereas CD1dX1 mAb did not show any effect (Fig. 4b) . We anticipated these mAbs would have differential effects on CD1d binding to ILT4. Indeed, when mAb CD1d42 was incubated with HEK293T-ILT4 cells before native CD1d-tetramer staining, it showed dose-dependent inhibition of CD1d-tetramer binding, while mAb CD1dX1 did not show any effect (Fig. 4c) . These results demonstrate that the Ag-binding ␣1 and ␣2 domains of CD1d are involved in its interaction with ILT4, and therefore, ILT4 might play a role in Ag presentation by CD1d.
Colocalization of CD1d and ILT4
In general, ILT4 is expressed on APCs such as monocytes/macrophages and DC, which also express CD1d, but not expressed on T cells, including NKT cells (25) . It has been established that human CD1d trafficking to the endocytic system is essential for lipid Ag presentation. Therefore, to understand how ILT4 regulates CD1d-mediated Ag presentation, it is necessary to investigate the subcellular localization and/or colocalization of these two molecules. By cotransfection and confocal microscopy, we observed that the subcellular distribution of CD1d and ILT4 largely overlap with each other both at the cell surface and in the cytoplasm (Fig.  5, upper panel) . Furthermore, both molecules could be found in the 
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ϩ compartments (Fig. 5 , middle and lower panels), suggesting ILT4 also colocalizes with CD1d during its intracellular recycling. The cotrafficking of CD1d with ILT4 further suggests that ILT4 might be involved in regulating CD1d Ag presentation.
ILT4 blocks loading of ␣GalCer onto CD1d and inhibits NKT cell recognition
We have shown that native CD1d tetramer binds ILT4 on monocytes in an Ag-dependent manner (Fig. 1) . To confirm that ␣Gal-Cer-loading affects CD1d's interaction with ILT4, we stained ILT4-transfected HEK293T cells with native or ␣GalCer-loaded CD1d tetramers, and discovered that ␣GalCer-loading had a negative effect on CD1d binding to ILT4. As shown in Fig. 6a , binding of ␣GalCer-CD1d to ILT4 was significantly attenuated compared with native CD1d. Because it is generally accepted that native CD1d contains tissue-derived lipid Ags (7, 8) (our unpublished data), this result suggests that the nature of the lipid Ag associated within CD1d has an influence on ILT4 recognition.
Similarly, ILT4 did not affect ␣GalCer-CD1d tetramer binding to NKT cells (Fig. 6b, ࡗ) . Nevertheless, during the generation of ␣GalCer-CD1d tetramers, we observed that incubation of ILT4-Fc with native CD1d tetramer before ␣GalCer pulsing resulted in reduced tetramer binding to NKT cells in a concentration-dependent manner (Fig. 6b, F) . On the contrary, a control protein DR5-Fc, which does not bind CD1d, did not show any effect on CD1d tetramer binding (Fig. 6b, E) . This result suggests that, although ILT4 does not bind to ␣GalCer-loaded CD1d, its binding to native CD1d does prevent further lipid exchange by CD1d.
Finally, we investigated whether the interaction between ILT4 and CD1d had any functional implication for NKT cells. We used ␣GalCer-pulsed plate-bound CD1d to stimulate NKT cells, and investigated whether ILT4 could affect NKT activation. As shown in Fig. 6c (left panel) , if plate-bound CD1d was preincubated with ILT4-Fc fusion protein before pulsing with ␣GalCer, its ability to stimulate NKT cells was dramatically reduced, even at very high concentrations of ␣GalCer Ag. This effect showed a dose-response with ILT4-Fc protein (Fig. 6c, right panel) . As controls, another Fc fusion protein (DR5-Fc) or protein solvent (PBS) did not cause significant reduction in NKT activation. These results suggest that ILT4 could inhibit NKT activation by directly binding to CD1d and preventing Ag loading.
Discussion
The ILT family of proteins are also referred to as leukocyte Ig-like receptors, monocyte/macrophage inhibitory receptor, or CD85. They are a set of immunoreceptors expressed on the surface of lymphoid and myeloid cells (25) . Two of the best-characterized members, ILT2 and ILT4, have been found to bind to MHC-I molecules such as HLA-A2, HLA-G, HLA-F, and their viral homologue, UL18 (20, 26 -29) . Both ILT2 and ILT4 are APC-expressed inhibitory receptors containing ITIMs that can abrogate activating signals resulting in a potent inhibition of APC functions (28, 30) . In this study, we discovered that CD1d, a member of the nonclassical MHC-I family, is also able to interact specifically with ILT4 but not ILT2, unlike MHC-I proteins, which bind both ILT2 and ILT4. This is fairly unusual because the structure of ILT2 and ILT4 are very similar (24, 31) . The inability of CD1d to bind to ILT2 suggests that there is a different submolecular mechanism involved in this novel interaction.
The cocrystal structure of ILT2 with HLA-A2 demonstrates that ILT2 uses its first two N-terminal Ig domains to interact with the ␣3 domain of MHC-I H chain and ␤ 2 m, which are essential for CD8 binding (24) . As a result, CD8 was found to compete with ILT molecules for MHC-I binding (18) . ILT4 structure displays significant similarity to that of ILT2 (22, 23) , and its cocrystal structure with HLA-G confirmed that ILT4 uses its D1 and D2 domain to interact with ligand like HLA-G (31). However, the ILT4 contact site on HLA-G is mainly located on the hydrophobic regions of the ␣3 domain and is largely independent of ␤2m (31). In parallel, we proved that although the D1 and D2 domains of ILT4 are the binding sites for CD1d, their interactions with CD1d seem to involve the ␣1 and ␣2 domains, which happen to be the location of the Ag binding groove.
This observation raises an interesting question of whether ILT4 can influence NKT cell recognition by contacting directly with the Ag-binding groove and its associated lipid Ag. Although a cocrystal structure of ILT4 and CD1d would be ideal to address this question, our binding data do shed some light on this interaction. We found that ILT4 interacts only with native CD1d, which contains endogenously derived lipid Ags or chaperone lipids (data not shown), but not with CD1d loaded with ␣GalCer. Two possibilities may explain these observations. One is that the Ag-binding groove-associated lipids, such as endogenous lipids, are in direct contact with ILT4, and the glycan heads protruding from the ␣-helix plane decide the specificity of ILT4. In contrast, ␣GalCer loading may induce conformational changes of CD1d that affect the ILT4 binding sites. The latter is supported by the crystal structures of lipid-free or ␣GalCer-bound CD1d molecules, which show substantial conformational differences (32) . Whichever the case is, the fact that ␣GalCer can inhibit the binding of ILT4 to CD1d indicates that there is a competition between these two ligands. It is not yet known whether this phenomenon only applies to ␣GalCer, which is the strongest NKT agonist ever found, or it is a common mechanism affecting other foreign lipid Ags as well.
The functional implication of the ILT4-CD1d interaction is an intriguing topic. Although we observed that ILT4 affects CD1d Ag presentation, and consequently inhibits NKT recognition, there are quite a lot of details needing further investigation. By examining the intracellular localization using confocal microscopy, we have shown that ILT4 accompanies CD1d at the cell surface as well as in the endocytic compartments, suggesting that this interaction is very likely to happen on the same cells, and the regulatory function of ILT4 might be an integral component of the CD1d Ag presentation machinery. However, the possibility that APC-expressed CD1d interacts with ILT4 expressed on other cells cannot be ruled out, considering that fact that classical HLA-I molecules bind to ILT4 mainly through trans-interaction (23, 25) .
The functional implications of CD1d-ILT4 interaction discussed above are based on monocytes and ILT4-transfected cells. Another interesting point to note is the role of CD1d-ILT4 interaction in the functions of other professional APC such as DCs. We and others have shown the abundant expression of ILT4 on the surface of DC (25) (Supplemental Figure  1) . 4 However, binding by CD1d tetramers on monocyte-derived DC is negative. Moreover, the CD1d binding did not improve during the up-regulation of ILT4 accompanying DC maturation (Supplemental Figure 1) . This strongly suggests that the DCexpressed ILT4 is in different forms to those expressed by monocytes or ILT4 transfected cells, probably due to differential post translational modification or to association with accessory molecules. This is an area where we are actively investigating.
In summary, we have established that ILT4 serves as a novel receptor for CD1d, and its interaction modulates CD1d-mediated Ag presentation. This study may provide new insights into the regulation of NKT cell immunity. 
